ABSTRACT We tested the effects of different soils (soils AÐF) representing four soil types, two moisture extremes (wet and dry), and two soil densities (packed and tilled) on the number of emerging Aethina tumida Murray (Coleoptera: Nitidulidae) adults. We further determined the effect of soil type and A. tumida sex on the time spent in the soil (where the beetle pupates). Three thousand A. tumida larvae were placed in the moist soil treatments (wet/packed and wet/tilled), of which 2,746 emerged from the soil as adults. Additionally, 3,000 larvae were placed in the dry soil treatments (dry/packed and dry/tilled), of which none emerged as adults. In only one soil were emersion rates different from those in other soils. For every soil, there were signiÞcantly more emerging A. tumida in the wet treatments than in the dry ones. Female A. tumida spent less time in the soil than male A. tumida but only by an average of less than half a day. Soil type did affect the length of time A. tumida spent as pupae, despite which average emersion as adults occurred within a tight range. The data suggest that biological requirements of A. tumida may limit/enhance their reproductive potential in various soil environments (especially in dry climates).
SMALL HIVE BEETLES, Aethina tumida Murray (Coleoptera: Nitidulidae), are endemic scavengers in honey bee, Apis mellifera L., colonies of sub-Saharan Africa, where they cause little damage to host colonies (Lundie 1940 , Hepburn and Radloff 1998 , Ellis et al. 2003 . However, A. tumida was recently discovered in the United States and Australia where managed colonies of European honey bees have proven susceptible to depredations caused by this beetle (Elzen et al. 1999 , Hood 2000 , Ellis et al. 2003 .
A. tumida adults and larvae live on various foodstuffs in the honey bee nest, including pollen, honey, and bee brood (Lundie 1940 , Schmolke 1974 , Ellis et al. 2002b , and the effects of these diets on A. tumida longevity and reproductive success are well documented (Ellis et al. 2002b) . After feeding, A. tumida larvae exit the colony ("wandering" phase) and pupate in soil in proximity to the hive (Lundie 1940 , Schmolke 1974 , Pettis and Shimanuki 2000 .
That different soil types might affect various aspects of A. tumida pupation biology is of interest (Lundie 1940 , Schmolke 1974 ) because of possible larval vulnerability when burrowing into the soil. Lundie (1940) suggested that investigations would probably show the absence of A. tumida in certain geographical areas due to the physical and/or chemical nature of soils and further speculated that soil moisture may be a critical factor in determining pupation success. Schmolke (1974) partially addressed this issue and found that soil moisture, but not soil type, was correlated with pupation success, but the experiments did not involve a large sample size or adequately replicated trials.
In this study, we tested the effects of different soils (Table 1 , soils AÐF) representing four soil types, two moisture extremes (wet and dry), and two soil densities (packed and tilled) on the pupation success of A. tumida (i.e., the number of adults successfully emerging from soil/number of larvae burrowing into soil). We further determined the effect of soil type and A. tumida sex on the time spent in the soil (i.e., the length of time between a larva burrowing into soil and its emersion as an adult). The data suggest that biological requirements of A. tumida may limit/enhance their reproductive potential in various environments, further suggesting possible reasons they are not generally a problem to honey bee colonies in their native range but can be in areas where they have been introduced.
Materials and Methods
Experiments were conducted at Rhodes University (Grahamstown, South Africa) MarchÐAugust 2003. Six different soils representing four soil types were col-lected from agricultural areas surrounding Alexandria, South Africa (Table 1 ). The percentage of sand, clay, and silt in each soil sample was determined by Central Analytical Laboratories (Somerset West, South Africa). Soil type was then determined based on the ratio of sand to clay in each sample. For each soil, Ϸ950 ml of loose, moistened (the soils were naturally moist at the time of collection) soil was put into each of 20 plastic containers, totaling 120 containers. The containers were cylindrical, Ϸ22 cm in height, 1000 ml in volume, and each having a lid. Four different treatments of Þve replicates per treatment were prepared for each soil (six soils ϫ four treatments ϫ Þve replicates for 120 containers total). Treatments consisted of 1) dry/tilled, 2) dry/packed, 3) wet/tilled, and 4) wet/packed soils. Dry soils were prepared by pouring 1000 ml of distilled water through the soil-Þlled containers to pack the soils naturally (all containers had holes in the bottom to facilitate drainage), and then oven drying the soils at 85ЊC for Ϸ6 wk to a constant dry weight. This procedure also served partially to sterilize the soils. Half of the dried containers were reserved for the dry/packed soil treatment, so no further manipulation was necessary, and soils in the other containers were loosened by hand mixing (dry/tilled soil treatment). The wet/tilled and wet/packed treatments were established identically except after being oven-dried, 500 ml of distilled water was poured into each container to remoisten the soils. The soils were allowed to drain for Ϸ3 wk to produce soils with an average of 10% water by weight (determined by weighing a subsample of each moist soil and then oven drying to a constant dry weight). Half of the moistened containers were designated for the wet/packed treatment, and the wet/tilled treatment was created by hand mixing the remaining moistened soil.
Fifty A. tumida larvae, reared in vitro on diets of bee brood, honey, and pollen, were introduced into each soil container. The soils were kept in a room at an ambient temperature of 24.6 Ϯ 1.3ЊC (mean Ϯ SD). The containers were monitored daily, and adult A. tumida were collected upon emersion from the soil.
To determine the effects of soil and A. tumida sex on the time spent in the soil, Ϸ950 ml of loose soil was put into each of Þve containers for each soil as described above. The soils were moist when collected from the Þeld and underwent no drying; the soils were Ϸ11% water by weight. The soils were packed slightly by tapping the containers on a hard surface. Fifty wandering A. tumida larvae were placed into each of the soil containers at the same time, and emerging A. tumida adults were collected using an aspirator and were sexed (Schmolke 1974) .
Statistical Analyses. The number of adult A. tumida that emerged from the soil out of the 50 larvae introduced into each soil chamber (pupation success) was analyzed by analysis of variance (ANOVA) with soil (soils AÐF), moisture (dry or wet), and density (packed or tilled) as main effects. Because every interaction term for this analysis was signiÞcant (Table  2) , we tested the effects of moisture and density on the number of emerging A. tumida within each soil by using ANOVAs. Furthermore, the effects of A. tumida sex and soil on the time spent in the soil (days) and on average number of emerging A. tumida were analyzed using ANOVA. All analyses were conducted using Statistica (verison 6, Statistica 2001) . Where necessary, means were compared using TukeyÕs test, and all differences were accepted at ␣ Յ 0.05.
Results
Pupation Success. Three thousand A. tumida larvae were placed on the moist soil treatments (wet/packed and wet/tilled), of which 2,746 emerged from the soil as adults (91.5% success rate represents total number of emerging A. tumida adults/total number of larvae introduced into all wet soil treatments ϫ 100). Additionally, 3,000 larvae were placed on the dry soil treatments (dry/packed and dry/tilled), of which none emerged as adults.
There were signiÞcant moisture ϫ density, moisture ϫ soil, density ϫ soil, and moisture ϫ density ϫ soil interactions for the full ANOVA (Table 2 ). Due to the low emersion rate of A. tumida in soil DÕs wet/ packed treatment, we removed this soil from the analysis and reran a partial ANOVA. After removing this soil from the analysis, there were no signiÞcant effects of soil on the number of emerging A. tumida (F ϭ 1.7; df ϭ 4, 80; P ϭ 0.1697) and no signiÞcant soil ϫ moisture interactions (F ϭ 1.7; df ϭ 4, 80; P ϭ 0.1697). This indicates that emersion rates in soil D were different from those in all other soils and that emersion rates in the other soils did not differ. However, all other variables and interactions signiÞcantly affected the number of emerging A. tumida (0.0000 Յ P Յ 0.0372). Because of this, we tested the effects of mois- ture and density on the number of emerging A. tumida independently for each soil (Table 3) . Moisture signiÞcantly affected the number of emerging A. tumida in all soils (Table 3 ) and in every case, there were signiÞcantly more emerging A. tumida in the wet treatments than in the dry ones (Table  4) . No A. tumida emerged in any of the dry treatments (Table 4) . Soil density did not affect the number of emerging A. tumida in soils C, E, and F (Tables 3 and  4) .
There were signiÞcant moisture ϫ density interactions in soils A, B, and D (Table 3) , so density was analyzed by moisture for these soils (Table 5) . For these soils, there were no differences between the number of emerging A. tumida in the dry treatments that were packed as opposed to tilled (Table 5 ). In wet treatments of soils A and B, there were signiÞcantly more emerging A. tumida in packed conditions than in tilled ones (Table 5 ). The trend was reversed in the wet treatment of soil D with there being signiÞcantly more emerging A. tumida in tilled conditions than in packed ones (Table 5 ).
All 1,500 larvae introduced to the dry/tilled treatment were dead within 9 d of being introduced. None successfully burrowed into the soil. Some larvae (Ͻ10%) in the dry/packed treatment survived longer than 3 wk but all had died by week 4. Larvae introduced to wet/packed and wet/tilled treatments had begun burrowing within 5 min. The only two exceptions were most larvae (Ͼ90%) in soil E, which successfully burrowed into the soil within 2 d, and larvae in soil D. Larvae in soil D did not burrow into the soil, but experienced a high mortality rate after Ϸ28 d of wandering around in the containers. However, those larvae that survived past day 28 eventually burrowed into the soil from days 32Ð38, and emerged from days 43 to 67. Therefore, the length of time spent as pupae in soil DÕs wet/packed treatment varied greatly and overall mortality was high (Table 5) .
Length of Time Spent in the Soil. A. tumida larvae (1,500) were placed on the six different soils, of which 1,468 successfully developed to adulthood (97.9% success rate). There were soil (F ϭ 35.0; df ϭ 5, 48; P Ͻ 0.0001) and sex (F ϭ 45.5; df ϭ 1, 48; P Ͻ 0.0001) effects but no soil ϫ sex interactions (F ϭ 0.9; df ϭ 5, 48; P ϭ 0.5095) on the length of time spent in the soil. A. tumida in soils F, D, and E spent less time in the soil (ordered by increasing time) followed by longer times spent in the soil by A. tumida in soils A, C, and B (ordered by increasing time, Table 6 ). The difference in time spent in the soil between the shortest (soil F) and longest (soil B) times was only 1.4 d. All following values are mean Ϯ SE; n. Female A. tumida (22.9 Ϯ Row totals within moisture (wet or dry) or density (packed or tilled) followed by the same letter are not different at the ␣ Յ 0.05 level. There were signiÞcant interactions between moisture and density for soils A, B, and D, so analyses on density were run separately by moisture for these variables and are reported in Table 5 . There were signiÞcant interactions between moisture and density for soils A, B, and D, so analyses were run separately by moisture for these variables. For these soils, row totals within moisture level (wet or dry) followed by the same letter are not different at the ␣ Յ 0.05 level. The time spent in the soil is the amount of time (days) between the larvae burrowing into the soil and emersion as adults. The number of adults is an average of the male and female A. tumida emerging. Values are mean Ϯ standard error; n ϭ 10 replicates per soil. For time spent pupating, means followed by the same letter are not different at the ␣ Յ 0.05 level (compared using TukeyÕs multiple range test). 0.1 d; 30) spent less time in the soil than male A. tumida (23.3 Ϯ 0.1 d; 30) but only by an average of less than 0.5 d. There were neither soil effects (F ϭ 0.4; df ϭ 5, 48; P ϭ 0.8645) nor soil ϫ sex interactions (F ϭ 2.3; df ϭ 5, 48; P ϭ 0.0602) for the average number of emerging male and female A. tumida (Table 6) . However, sex did affect this variable (F ϭ 13.6; df ϭ 1, 48; P ϭ 0.0006) with signiÞcantly more female A. tumida (26.3 Ϯ 0.7 d; 30) emerging than male A. tumida (22.9 Ϯ 0.7 d; 30).
Discussion
With the exception of soil D, A. tumida successfully emerged as adults equally well in tested soils. For an unknown reason, A. tumida larvae did not burrow into the wet/packed treatment of soil D until Ϸ50% of the larvae had died, an effect not seen in soil A, which was classiÞed as the same soil type (Table 1) . However, once the surviving larvae did burrow, most successfully emerged as adults. Regardless, soil type did not seem to signiÞcantly inßuence overall pupation success. This is contrary to what Lundie (1940) suggested but veriÞes similar observations made by Schmolke (1974) . Our data further suggest that soil density (packed or tilled) has mixed effects on pupation success independent of soil type.
The only soil condition that consistently affected the number of emerging A. tumida was soil moisture. Both Lundie (1940) and Schmolke (1974) speculated that this would be the case. Lundie (1940) found, while rearing A. tumida, in vitro, that pupal mortality was high when there was a free passage of air through the soil chambers (thus drying out the soil). Schmolke (1974) found that when soils were dry, no A. tumida emersion occurred (no adults emerged over the three dry soil types). Schmolke (1974) also showed that pupation rates by A. tumida are high in moist (but not soaked) soils.
Why A. tumida need moist soils in which to pupate is unclear, especially because moist soils can also carry with them a host of potential problems for pupating A. tumida. Some soil-dwelling parasites (for example, fungi; cf. Schmid-Hempel 1998) thrive better under moist conditions. However, we likely minimized the effects of parasites/pathogens such as fungi from this study by drying the soils before the study.
We showed that A. tumida larvae placed onto dry/ packed soils would not burrow, possibly indicating that the dry/packed soils were impenetrable. In contrast, larvae burrowed successfully into the wet/ packed soils. Moisture serves to make soils more penetrable to burrowing larvae. All larvae placed on dry/ tilled soil died within 9 d. These larvae probably desiccated or asphyxiated because of the dry/dusty conditions in the containers. We showed that larvae can live much longer when the soil is moist. Even if some larvae were unable to burrow into the wet/ packed treatment of soil D, they could survive more than a month and possibly move great distances from the hive in search of suitable soil in which to pupate. Therefore, the increased longevity larvae experience when on moist soils may add to their success in Þnding a suitable soil in which to pupate.
We further determined that soil type (when lightly packed) did affect the length of time A. tumida spend in the soil despite which, average emersion took place within a tight range (Table 2 ). Had we measured the effects of soil type when packed on the length of time A. tumida spend in the soil, the differences likely would have been exacerbated. Our data indicate that it may take longer for A. tumida to burrow into and make pupal chambers in certain soil types (thus being energetically expensive) because larvae did not always burrow immediately in the more packed soils.
That female A. tumida develop to adulthood faster than male A. tumida is not unexpected. Female A. tumida are generally larger and heavier than males (Schmolke 1974 , Ellis et al. 2002a , possibly reßecting increased food consumption during the larval stage (Slansky and Scriber 1985) , which in turn could decrease developmental time. Furthermore, sex ratios of emerging adults favored females, a Þnding documented for A. tumida in vitro and in vivo by others (Schmolke 1974; Neumann et al. 2001; Ellis et al. 2002a,b) .
Perhaps the most pertinent data presented in this study are the high pupation success rates reported for the 4,500 larvae burrowing into the various moist soil treatments. These rates ranged between 92 and 98%, indicating that in moist soils (regardless of soil type) nearly all larvae burrowing into the soil will emerge as adults. This is especially troublesome for migratory beekeepers who regularly move their hives for pollination services. In such circumstances, hives are often placed within 10 m of Þelds managed for fruit/vegetable production where soils are kept tilled and irrigated, thus providing A. tumida ideal conditions in which to pupate.
To place this study into a wider context, our data possibly explain why A. tumida are not usually problematic to honey bee colonies in their native range of sub-Saharan Africa. Because a large portion of Africa (except equatorial Africa) is semiarid to arid, negative A. tumida effects on honey bee colonies in these locations have likely been minimized by lower adult emergence rates for A. tumida. Furthermore, A. tumida do not naturally occur north of the Sahara. No doubt, the Sahara has proven a formidable barrier to natural A. tumida dispersal. Ultimately, A. tumida will likely be able to inhabit most areas where temperatures are moderate and soils remain moist for much of the time (as in temperate/tropical climates where rainfall is moderate to high) because their pupation success rates are higher in these conditions. Because of increased larval vulnerability in dry conditions, A. tumida probably will not be economically important in semiarid to arid regions. Our data suggest that A. tumidaÕs success and geographic distribution are at least partially regulated by rainfall inasmuch as rainfall affects soil moisture.
